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4  ...  1 

This  report  discusses  the  results  of  the  first  year  and  a 
6  month  no  cost  extension  of  a  proposed  three  year  program. 

The  three  year  program  was  to  perform  small  scale  and  full  size 
linear  cutting  tests  to  determine  scaling  factors  relating 
thrust,  torque,  specific  energy,  and  cutting  coefficient  for 
the  two  cutting  machine  sizes  to  be  used.  This  information  is 

’  v 

needed  if  field  boreability  predictions  are  to  be  made  from 
tests  performed  on  the  exploratory  cores  (NX  or  6  in.)  taken 
from  along  a  proposed  tunnel  alignment.  In  addition  to  the 
laboratory  tests,  actual  field  boring  data  would  be  collected 
which  would  aid  in  checking  the  laboratory-developed  scaling 
relationships. 

Also  the  possibilities  of  using  different  cutter  designs 
would  be  investigated.  The  large  linear  cutter  would  be  capable 
of  using  many  different  cutters.  Of  particular  interest  was 
the. comparison  of  rock  cutting  by  the  more  conventional  roller 
cutter  and  the  pick  type  of  cutter. 

The  main  objective  of  the  first  year  of  the  contract  was 
the  construction  and  debugging  of  the  full  size  linear  cutting 
machine.  The  machine  was  to  conform  to  the  following  specifica¬ 
tions: 

(a)  Capability  of  operation  in  both  a  constant  thrust  mode 
or  constant  penetration  mode. 


iv 


(b)  Maximum  thrust  in  constant  thrust  mode  of  25,000  lbs. 

(c)  Maximum  cutter  speed  40  inches  per  second. 

(d)  Capability  of  installing  various  sizes  and  types  of 
cutters. 

(e)  Maximum  horizontal  travel  of  3  feet. 

All  of  these  requirements  were  m6t  or  exceeded.  A  list  of 
all  the  machine  characteristics  and  capabilities  is  provided  in 
the  section  of  this  report  on  Machine  Design. 

Design  and  fabrication  of  the  large  linear  cutting  machine 
was  accomplished  early.  However,  there  was  a  considerable  delay 
in  the  cutter  becoming  operational  due  to  late  delivery  of  the 
horizontal  actuator  and  controls.  This  delay  upset  considerably 
the  time  table  for  beginning  tests  using  the  large  machine. 
During  this  delay,  however,  other  aspects  of  the  research  con¬ 
tinued.  Further  testing  using  the  small  scale  linear  cutting 
machine  was  accomplished,  in  addition  to  a  continuing  search 
and  analysis  cf  the  literature.  Testing  was  suspended  for  a 
month  to  make  various  improvements  in  the  small  linear  cutting 
machine.  New  load  transducers  were  installed  to  increase  the 
output.  This  had  the  effect  of  simplifying  the  electrical 
circuitry,  requiring  less  amplification  and  resulting  in  very 
improved  noise  characteristics. 

During  the  first  year  then,  the  work  on  this  contract  was 
centered  in  three  main  areas: 

(1)  Design,  fabrication,  and  testing  of  large  scale 


linear  cutting  machine. 


(2)  Tests  of  rock  samples  from  various  actual  tunnel  boring 
sites  using  the  small  scale  linear  cutting  machine. 

(3)  A  continued  and  comprehensive  literature  survey  of 
material  pertinent  to  tunnel  boring  and  rock  cutting. 

Construction  of  the  large  linear  cutting  machine  is  com¬ 
plete.  Initial  Samples  have  been  cut  both  for  testing  of  the 
machine  and  calibration  of  the  load  cells.  Vertical  loads  to 
50,000  pounds  have  been  experienced  and  the  system  functioned 
perfectly.  Extensive  testing  using  this  apparatus  should  be 
able  to  proceed  without  difficulty. 

The  small  linear  cutting  machine  was  used  to  cut  samples 
from  the  Nast,  Lawrence,  and  Climax  tunnels.  Characteristics 
of  the  small  linear  cutter  can  be  found  in  the  section  on 
laboratory  testing.  From  the  laboratory  experimental  results 
the  following  quantities  were  calculated: 

1.  Average  horizontal  and  vertical  forces, 

2.  Actual  penetration, 

3.  Specific  energy, 

4.  Average  cutting  coefficient, 

5.  Cutting  size  distribution. 

By  use  of  an  analog-digital,  computer,  the  following  quan¬ 
tities  were  determined  continuously  along  the  length  of  a  cut: 

1.  Cutting  coefficient, 

2 .  Work  done . 

t 

In  addition  to  the  laboratory  tests,  actual  field  boring 
data  was  collected  from  the  tunnel  boring  sites.  Using  this 
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data,  the  above  quantities  were  determined  and  compared  to 
laboratory  results.’ 

Recently,  the  cutting  records  from  laboratory  tests  have 
been  analyzed  with  respect  to  frequency;  that  is,  the  frequency 
of  force  variations  of  different  magnitude  along  the  cut.  It  is 
felt  that  these  force  variations  correspond  to  chipping  of  the 
rock.  Frequency  analysis  is  important  both  for  a  complete 
description  of  the  behavior  of  rock  when  cut ,  and  also  in  select¬ 
ing  the  best  operating  conditions  and  type  of  cutter  to  be  used. 
For  example,  in  material  shov/ing  very  large,  closely  spaced 
force  variations,  the  pick  type  cutter  might  not  be  applicable. 
The  resulting  cutter  chatter  would  result  in  carbide  chipping 
rather  than  a  more  even  abrasive  wear. 

The  most  dramatic  result  of  the  laboratory  study  was  the 
effect  of  structural  features  and  rock  weaknesses  in  the  cutting 
of  rock.  This  indicates  that  machine  design  should  make  better 
use  of  these  weaknesses  for  more  efficient  rock  removal. 

As  is  expected,  the  laboratory  values  of  specific  energy 

were  higher  than  field  -alues.  Since  specific  energy  is  a  good 

indication  of  the  boreability  of  a  particular  rock  type,  it  is 

essential  to  develop  the  scaling  relationships  that  relate 

laboratory  specific  energy  values  to  field  values.  Certain 
* 

definite  relationships  are  shown  which  indicate  the  need  for 
a  better  knowledge  of  the  particle  size  of  cuttings  and  the 
structure  of  the  rock  to  be  bored. 

The  inverse  relationship  between  specific  energy  and  cutting 
coefficient,  both  in  the  field  and  in  the  laboratory,  supports 


the  idea  that  madhine  design  should  try  to  increase  cutting 
coefficient  to  obtain  better  boring  results.  Present  machine 
design  puts  a  definite  limit  on  the  cutting  coefficient. 
Increasing  the  depth  of  cut  increases  the  width  of  cut  and  also 
the  size  of  cuttings.  This  would  result  in  lower  specific 
energy  and  reduced  cutter  wear  per  volume  of  rock  removed. 

During  the  course  of  this  contract  an  extensive  search 
of  the  literature  was  carried  out.  Areas  of  interest  relating 
to  rock  boring  were  investigated,  such  as: 

1.  Independent  cuts  with  roller  and  pick'  cutters. 

2.  Multiple  and  dependent  parallel  cuts  with  roller  and 
pick  cutters. 

3.  Static  bit  penetration  tests. 

'4.  Dynamic  fracturing  of  rock. 

5.  Stress  distribution  and  rock  behavior  und  :r  various 
bits  and  cutters. 

6.  Effects  of  cutter  types  and  penetration  on  specific 


energy. 


7.  Optimum  indexing-penetration  ratio  for  various  cutter- 
rock  combinations . 


8.  Effect  of  boring  rate  and/or  speed  of  cutting. 

. 

9.  Effect  of  rock  properties. 

y*-  *  ;  '  i  ■  -  t  f 

10.  Scaling  relationships. 

The  literature  has  provided  valuable  information  related  to 
the  problem  of  rock  boring.  Much  progress  has  been  made  toward 

an  understanding  of  rock  failure  under  cutters.  However,  as  yet 

■ 

no  one  has  been  able  to  relate  diis  information  to  prediction  of 
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field  boring  performance.  Also,  even  with  the  apparent  differences 
in  efficiencies  of  the  different  cutter  types,  no  meaningful  and 
direct  comparison  of  tre  applicability  of  the  respective  types 
has  been  made  to  date.  It  appears  the  best  way  to  eliminate  this 
gap  in  the  knowledge  is  through  extensive  tests  with  the  small 
and  large  scale  linear  cutting  machines  and  by  using  various 
cutter  types  for  these  tests. 

It  is  apparent  that  much  work  still  needs  to  be  performed 
in  the  areas  of  bor.eability  prediction  and  machine  design.  Her.- 
at  the  Colorado  School  of  Mines  we  are  ideally’  equipped  and 
staffed  to  provide  this  needed  research.  It  is  hoped  that  in 
the  near  future,  meaningful  boreability  predictions  can  be  made 
from  small  core  from  along  a  proposed  tunnel  alignment;  also 
to  be  able  to  make  recommendations  as  to  best  cutter  type  and 
operating  parameters  for  a  particular  boring  situation. 


Acknowledgments 


The  authors  are  pleased  to  acknowledge  the  help,  cooperation 
and  advice  of  many  people  during  the  contract  period  to  date. 

V  ‘  V 

Some  of  these  people  are  listed  below. 

1.  The  Climax  Molybdenum  Company,  in  particular  Mr.  Ken 

Harrelson  and  Mr.  Bob  Flder,  for  allowing  cores  to  be  drilled  and 

* 

large  samples  taken  fram  along  the  Climax  tunnel  line. 

2.  The  United  Scales  Bureau  of  Reclamation,  in  particular 
Mr.  McGannis,  Mr.  Dewey  Geary,  and  Mr.  Jerry  Bartell,  for  supply¬ 
ing  boring  data  and’ allowing  access  to  the  Nast  tunnel  site. 

3.  The  Lawrence  Manufacturing  Company,  in  particular  Mr. 
William  Hamilton,  Mr.  Howard  Handewith,  and  Mr.  Pete  Gadzuk, 
for  providing  cutters  for  the  large  linear  cutter,  information 
and  samples  from  the  Lawrence  Avenue  tunnel. 

*1.  The  Smith  Tool  Company,  in  particular  Mr.  Tom  Brassfield, 
Jr.  and  Alan  Newcomb,  for  discussion  regarding  boreability  pre¬ 
diction  and  boring  data  from  the  Climax  tunnel. 

5.  The  CSM  instrument  shop,  in  particular  Mr.  Earl  Dickens 
and  Mr.  A1  Wade,  for  their  help  in  constructing  the  large  linear 
cutter. 

6.  The  White  Pine  Copper  Company,  in  particular  Mr.  Joe 
Patrick,  Dr.  Cliff  Hanninen,  and  Mr.  Jerry  Bennett,  for  providing 
samples  for  the  small  linear  cutting  experiments. 

b 

7.  The  MTS  Corporation,  in  particular  Mr.  Bob  Churchill, 

Mr.  Keith  Zell,  Mr.  Bob  Beall,  and  Mr.  Bob  Sorenson,  for  advice 
regarding  the  design  of  the  large  cutter. 


X 


8.  Dr.  Donald  Dick,  Department  of  Electrical  Engineering, 
University  of  Colorado,  BouV.r,  Colorado,  for  his  help  in 
analyzing  the  linear  cutter  data. 

9.  Mr.  Raymond  Frahm,  Research  Technician,  Department  of 

Mining,  CSM,  for  his  help  and  suggestions  in  the  construction  of 
the’  large  cutter. 

10.  The  CSM  Department  of  Buildings  and  Grounds,  in  par¬ 
ticular,  Col.  Lemke  and  Mr.  John  Picktal,  for  providing  men  and 

equipment  when  needed  in  the  construction  phases  of  the  large 
cutter. 

11.  Dr.  I-  '  t  Rad,  Twin  Cities  Mining  Research  Center,  for 

his  suggestions  on  machine  design  and  his  assistance  as  Project 
Officer. 

12.  Dr.  William  A.  Hustrulid,  for  his  contribution  as 

Principal  Investigator  during  the  first  fourteen  months  of  this 
contract . 

13.  Dr.  Kalle  Kakalehto,  for  performing  the  laboratory  tests 
and  analyzing  the  results  for  Part  II  of  this  report. 


PART  I 


DESIGN  AND  CONSTRUCTION  OF 
LARGE  LINEAR  CUTTING  MACHINE 


The  views  and  conclusions  contained  in  this  document  are 
those  of  the  authors  and  should  not  be  interpreted  as 
necessarily  representing  the  official  policies,  either 
expressed  or  implied,  of  the  Advan'ced  Research  Projects 
Agency  or  the  U.S.  Government. 

Reference  to  specific  name  brands  is  made  for  identifica¬ 
tion  only  and  does  not  imply  endorsement  by  the  contractor 
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i,  INTRODUCTION 

Early  attempts  (14)  at  comparing  small  scale  linear 
cutting  results  with  full  scale  cutting  data  indicated  that 
the  only  way  to  consistently  have  available  full  scale 
cutting  data  on  similar  rock  was  to  build  a  large  linear 
cutting  machine  that  would  be  capable  of  simulating  field 
boring  loads  and  conditions.  The  major  part  of  our  effort 
this  past. year  has  thus  been  to  design  and  build  a  large 
scale  linear  cutting  machine.  Research  contract  require¬ 
ments  called  for  the  following  capabilities: 

1.  Capability  of  operation  in  constant  thrust  mode 
or  constant  penetration  mode. 

2.  Maximum  thrust  in  constant  thrust  mode  25,000  lbs. 

3.  Maximum  cutter  speed  40  inches  per  second. 

4.  Capability  of  installing  various  sizes  and  types 
of  cutters. 

5.  Maximum  usable  horizontal  travel  of  3  feet 

Construction  of  the  large  linear  cutter  is  now  complete. 

Delays  beyond  the  expected  completion  date  were  a  result  of 
late  delivery  of  the  servo-controlled  horizontal  position¬ 
ing  system.  Testing  has  begun  on  initial  samples  of  sand¬ 
stone.  Cuts  of  1/2  in.  penetration  have  been  made  with 
resulting  vertical  load?  of  up  to  50,000  pounds,  and  all 
components  have  worked  quite  well.  Some  initial  results 
have  been  obtained  for  comparison  to  data  from  the  small 
linear  cutting  machine. 


2.  DESIGN 


The  contract  specifies  that  the  large  linear  cutting 
machine  should  be  capable  of  being  operated  in  either  a  con¬ 
stant  force  or  a  constant  penetration  mode.  The  constant 
force  mode  is  accomplished  simply  by  providing  the  hydraulic¬ 
ally  powered  vertical  force  ram  with  a  nitrogen  accumulator 
that  maintains  an  essentially  uniform  pressure  to  the  ram, 
thereby  maintaining  constant  force  to  the  cutter  as  it 
traverses  the  rock. 

The  constant  displacement  mode  is  considerably  harder 
to  accomplish.  One  must  maintain  a  uniform  depth  of  cut 
even  with  wide  variations  in  vertical  force  as  the  cutter 
passes  alternatively  over  hard  and  soft  sections  of  the  rock. 
Since  the  depth  of  cut  is  fixed,  one  needs  then  only  force 
variations  which  is  quite  easily  accomplished  using  strain 
gage  instrumentation.  It  is  felt,  furthermore,  that  the 
constant  displacement  operation  better  represents  the  action 
of  an  actual  boring  machine.  Ideally,  the  cutter  should  be 
mounted  to  an  infinitely  rigid  frame,  and  the  rock  should 
rest  on  an  infinitely  rigid  base.  This  is,  of  course,  not 
practical  and  a  maximum  allowable  deflection  must  be  deter¬ 
mined.  The  linear  cutter  is  then  designed  to  conform  to 


this  limit. 
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For  the  linear  cutting  machine  at  the  Colorado  School  of 
Mines ,  a  maximum  deflection  of  ‘0.01  in.  was  chosen  as  a 
practical  limit.  Each  part  of  the  system  must  then  be 
designed  as  rigidly  as  practically  possible. 

A  3  ft  deep  concrete  base  heavily  reinforced  with  No.  8 
and  No.  10  steel  reinforcing  bars  was  poured  in  the  floor 
of  the  Mining  Engineering  Research  Lab  to  provide  a  solid 
base  and  limit  deflections  from  the  anchorage.  The  slab 
also  provided  the  means  to  keep  all  forces  within  the  system. 
The  frame  for  holding  the  cutter  consists  of  two  36-in.  wide- 
flange  columns  and  a  crossbeam  consisting  of  two  18-  by  8-in. 
wide-f lange  beams  and  two  18-  by  4-in.  channels  welded 
together  to  form  an  18-  by  24-in.  box  beam.  With  the  loads 
to  be  used,  the  deflection  in  each  of  these  members  is 
approximately  0.001  in.  The  saddle  holding  the  cutter  is 
moved  up  and  down  by  a  50,000-lb-capacity  ram.  Steel 
spacers  placed  between  the  beam  and  the  saddle  are  used  to 
hold  the  cutter  rigidly  at  a  particular  depth  of  cut.  The 
deflection  in  the  cutter  mount  is  comparable  to  mounts  found 
in  commercial  use.  The  vertical  ram  used  on  the  cutter  has 
a  servo-controlled  valve  allowing  programming  of  the  ver¬ 
tical  load. 

Loads  on  the  cutter  are  measured  by  load  cells  similar 
in  concept  to  stress  bolts.  The  bolts  and  the  strain  gages 
on  the  bolts  are  situated  to  produce  maximum  output  and 
cancel  any  bending  or  torsional  effects. 
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The  horizontal  translation  of  the  rock  under  the  cutter 
is  accompli '•hed  by  a  servo-controlled  hydraulic  actuator. 

The  actuator  is  capable  of  producing  a  stall  force  of  55,000 
lbs  and  a  dynamic  force  of  30,000  lbs  at  a  velocity  of  40  in. 
per  second.  The  back  of  the  actuator  is  mounted  on  a  3-  by 
2-  by  2— ft  concrete  block  which  is,  in  turn,  anchored  3  ft 
into  the  base  previously  described  with  two  5-in.  wide- 
f lange  beams  and  No.  10  reinforcing  bar.  The  horizontal 
actuator  is  controlled  by  a  function  generator  and  con¬ 
troller  that  provides  a  full  range  of  velocities  from  zero 
to  40  inches  per  second  and  higher.  The  hydraulic  power  is 
supplied  by  a  20-hp,  20-gpm  standard  power  supply.  The  power 
supply  is  equipped  with  two  nitrogen-pre-charged  piston 
accumulators  to  provide  the  flow  necessary  to  supply  the 
actuator  at  high  speeds. 

The  platform  upon  which  the  rock  is  carried  was  fabri¬ 
cated  from  5-in.  wide-ilange  beams  and  1/2-in.  plate.  The 
platform  slides  along  3-in.  centerless -ground  60-Rockwell-C- 
case-harde.ied  shafts  supported  every  12  in.  to  eliminate  bend¬ 
ing.  The  beaming  consists  of  a  solid  block  of  aluminum  having 
a  3-in.  hole  cut  to  fit  the  shafts.  Four  bronze-impregnated 
teflon  rods  3/4  in.  in  diameter  and  8-in.  long  are  situated 
around  the  circumference  of  the  3-in.  hole  and  are  cut  to 
provide  a  bearing  surface  and  to  keep  the  aluminum  out  of 
contact  with  the  shafts.  The  frame  for  holding  the  rock 
was  constructed  by  stacking  5-in.  wide-f lange  beams  hori¬ 
zontally  to  form  a  box  of  inner  dimensions  3  by  3  1/2  ft. 
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The  reason  tor  such  heavy  construction  is  to  provide  the 
capability  of  installing  flat  jacks  which  would  allow  the 
application  of  a  biaxial  stress  field  to  the  specimen, 
simulating  underground  loading.  Shields  to  prevent  danger¬ 
ous  flying  chips  have  been  installed. 

Due  to  the  possible  danger  of  'the  powerful  units  involved 
in  the  operation  of  the  linear  cutter,  a  special  room  pro¬ 
viding  liirited  access  was  constructed  around  the  apparatus. 

A  summary  of  the  larye  scale  linear  cutting  machine's 
capabilities  and  characteristics  follow: 

1.  Allows  the  use  of  full-scale  cutters. 

2.  Can  be  adapted  to  any  conventional  rotary  cutter 
with  only  minor  changes  in  cutter  mountings. 

3.  Will  allow  the  use  of  pick  type  cutters. 

4.  Can  handle  manufacturer  suggested  allowable  cutter 
loads. 

5.  Allows  vertical  loads  to  25,000  lbs  with  only  0.01 
in.  deflection  of  cutter. 

6.  Capable  of  much  higher  loads  safely,  but  with  a 
corresponding  increase  in  deflection. 

7.  Horizontal  force  to  traverse  rock  under  the  cutter 
is  up  to  55,000  lbs,  depending  on  speed. 

8.  Full  range  of  speeds  available  to  cover  all  speeds 
found  on  conventional  boring  machines.' 


9.  Strain  gage  instrumentation  is  fully  compensated 
for  bending  and  temperature  and  allows  analysis  of  all  per¬ 
tinent  cutter  forces  such  as  vertical,  horizontal,  and  side 
force,  and  including  torque  on  the  cutter  bearing  shaft. 

10.  Can  operate  in  constant  penetration  mode  or  con¬ 
stant  force  mode. 

11.  Lateral  confining  pressures  can  be  applied  to  the 
sides  of  the  specimen  to  be  cut* 

12.  Any  required  depth  of  cut  is  easily  set. 

13.  Any  required  indexing  is  easily  set  by  lateral 
translation  of  the  specimen. 

14.  Capable  of  a  45  inch  stroke  under  cutter. 

15.  Can  handle  samples  to  3  1/2  ft  long  by  3  ft  wide 
by  3  ft  deep. 

Pictures  of  the  cutting  machine  are  shown  in  Figures  1.1 


through  1.4. 
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Fig.  1.1  Overall  view  of  the  linear  cutting  machine  showing  the 
frame,  the  rock  carriage  and  guides,  the  saddle,  and 
the  cutter. 


Fig.  1.2  View  showing  the  cutter  head  and  the  rock  block  mounted 
in  the  carriage. 


l.l*  MTS  Power  Supply,  the  servo  controller  for  the  vertical 
ram,  the  actuator  for  driving  the  rock  under  the  cutter 


1.  INTRODUCTION 


O^mnel  boring  machines  using  mechanical  cutters  have  improved 
greatly  during  the  past  few  years  and  it  is  now  possible  td  cut 
very  hard  rocks.  The  question  that  remains,  however,  is  whether 
the  rocks  can  be  bored  economically.  Presently,  at  least  for 
medium  to  hard  rocks,  this  question  is  sometimes  only  answered 
after  a  very  expensive  lesson  of  using  and  then  removing  an 
inappropriately  chosen  (or  used)  machine.  The  fact  that  such 
costly  mistakes  do  happen  reflect  our  present  inability  to  maT^e 
reasonable  performance  predictions  on  the  basis  of  the  small 
samples  available  before  the  tunnel  is. begun.  Since  the  sample 
size  is  generally  small,  the  number  and  variety  of  tests  that 
can  be  used  is  rather  small.  In  the  past,  generally  only  physical 
property  data  such  as  the  uniaxial  compressive  strength.  Young's 
modulus,  etc.  and  perhaps  small  hand  samples  have  been  available 
on  which  bids  were  to  be  made.  Over  the  past  several  years  the 
CSM  Mining  Department  has  developed  a  small  linear  cutter  that 
can  be  used  to  cut  these  samples  and  provide  some  information 
I  regarding  the  forces  and  energies  required.  At  present,  unfor¬ 
tunately,  the  scaling  relationships  required  to  translate  these 
forces  and  energies  into  full  scale  are  not  available.  The  rela- 
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tlonships,  however,  can  only  be  developed  by  comparing  the 
laboratory  and  field  boring  results  in  a  manner  similar  to  that 


discussed  in  this  report.,. 

In  this  part  of  the  report  the  results  of  tests  in  which  the 

j. 

small  liriear  cutter  was  used  to  cut  samples  taken  from  the  Nast, 
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Lawrence,  and  Climax  tunnels  are  described.  Field  boring  data  i  ' 
also  given  for  the  Nast  and  Lawrence  tunnels.  A  comparison  of 

:f  4  .  ,  4 . 

laboratory  and  field  results  is  made  and  the  difference  discussed 


2.1 


2.  experiments 


2.1.1  Linear  Cutter 

The  small  linear  cutter  used  in  this  project  is  shown  :ln 
Fig.  2.1.  As  can  be  seen,  the  cutter  head  is  mounted  to  an  old 
milling  machine.  The  design  force  limitations  are  7000  lbs  ver¬ 
tical  and  3000  lbs  horizontal.  The  operational  loads  were  gener¬ 
ally,  below  these  design  limits.  In  testing  a  iW  samples  the 
peak  values  approached  the  maximum  limit  of  vertical  force,  and 
therefore  the  cutter  support  system  should  be  as  rigid  as  possible. 

The  testing  method  employed  requires  constant  displacement.  The 
maximum  horizontal  force  is  limited  by  the  power  output  of 'the 
milling  machine  motor.  With  higher  force  levels  it  may  not  be 
powerful  enough  to  maintain  constant  table  speed. 

For  the  highest  loads  the  stiffness  of  the  horizontal  support 
arms  of  the  unit  was  barely  adequate.  This  can  be  observed  in  some 
of  the  records  by  the  presence  of  elastic  rebound  force.  This  occurs 
when  the  cutter,  after,  high  horizontal  loading,  reached  a  hole  in 
the  sample  where  the  horizontal  component  of  the  rock  reaction  is 
zero.  The  stored  elastic  energy  in  the  support  system  is  then 
released  causing  the  arms  to  go  momentarily  into  tension.  This 
effect  can  be  seen  in  some  of  the  curves  of  the  horizontal  force. 

This  rebound  effect  does  not 

significantly  affect  the  average  results,  t  does  affect  the  value  of 
the  cutting  coefficient  (the  ratio  of  horizontal  to  vertical 
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force)  although  the  effect  is  felt  only  over  a  short  distance.  It 
has  practically  no  effect  on  the  calculated  total  energy  along  a 

■■  £;  y vn**i .  ' 

cut. 

The  design  of  the  cutting  unit  is  such  that  cutters  of  dif- 
ferent  diameters  and  types  may  be  employed.  The  cutter  unit  is  con- 

structed  of  mild  steel  except  for  the  cutter  which  is  made  of 

i  \  \  ; 

Ketos  stebl  (Crucible  Steel  Co.,  type  AISI  01).  The  cutter  was 

‘f  -v.  «■  '  ■ 

hardened  to  58-62  Rockwell  hardness  after  machining  and  then 
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ground  to  a  final  cutting  edge  having  a  90^  included  angle. 

The  cutter  is  6  inches  in  diameter  and  1/2  inch  thick,  and  has  a 
1/16  inch  wide  wear  flat  on  the  cutting  edge.  A  diagrammatic  rep¬ 
resentation  of  the  cutter  is  shown  in  Pig.  2.2.  This  cutter  was 
used  throughout  the  tests.  The  controls  of  the  milling  machine 
allowed  for  accurate  (±.002  in.)  settings  of  penetration  and  index¬ 
ing. 

2,1.2  Instrumentation 

J'f  ft.  ttH .  \  * 

.The  instrumentation  was  modified  from  that  used  earlier 
with  the  linear  cutter  system  to  include  recording  on  magnetic  tape. 
The  tape  Wab  used  as  the  input  to  the  hybrid  computer.  The  signals 

from  the  vertical  and  horizontal  arms  had  to  be  amplified  for  input 

y  y.  .}■ 

to  the  tape.  The  circuit  is  shown  in  Pig.  2.3. 

Strain  gages  (120  ohm,  G.P.  2.04,  type  SR-4 )  mounted  on  two 

« 

sideb  of  the  restricted  sections  of  each  of  the  support  arms  were 

I  *  f  ,1 

connected  in  serifes  to  compensate  for  any  bending.  A  constant 

v‘‘.  *  ..  ?  i.  r.  y  l  •*  “  : 

voltage  of  10  volts  was  maintained  across  the  Wheatstone  bridge 
circuit.  The  sensitivities  were  4410  lbs/mv  for  the  vertical  and 
3310  lbs/mv  for  the  horizontal  arms.  Temperature  compensating  gages 

•  ►  £  <L.  $  *■  *■•»•**<  *■  ' 
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were  not  employed  in  theue  circuits.  It  wa3  originally  thought 

that  since  testing  was  done  under  laboratory  conditions,  and  the 

time  required  per  cut  was  less  than  one  minute,  temperature 

effects  would  be  minimal.  It  was  found  on  some  occasions,  how- 

evei ,  that  temperature  compensation  would  have  been  an  improvement. 

Because  of  the  low  output  from  the  gages,  they  actually  were 

» 

sensitive  to  temperature  changes  and  careful  observation  of  the 
zero  point  had  to  be  maintained  before  and  after  each  cut.  The 
sudden  temperature  changes  were  due  to  opening  of  a  door  from  the 
laboratory  straight  'to  the  winter  weather  outside.  This  effect 
was  eliminated  by  careful  checking  of  zeros  and  by  choosing  the 
moment  for  cutting. 

The  main  problem  in  the  electrical  circuit  was  in  the  ampli¬ 
fication  of  the  vertical  signal.  This  caused  a  delay  of  more  than 
a  month  in  the  start  of  the  tests.  The  Dana  amplifiers,  which 
were  used  in  the  horizontal  circuit  performed  well  and  had  excel¬ 
lent  noise  reflection  levels.  A  new  Honeywell  amplifier  (ACCUDATA 
122)  in  the  vertical  circuit  caused  us  trouble  due  to  the  noise 
pick  up  with  high  amplification.  This  problem  was  finally  overcome 
when  the  design  engineer  of  the  amplifier  made  some  changes  in  the 
amplifier  to  fit  the  noise  problem  in  the  laboratory.  The  ampli¬ 
fications  were,  in  the  final  tests,  2000  in  the  vertical  and  20,000 
In  the  horizontal  arm. 

The  movement  of  the  linear  cutter  table  was  .monitored  with  a 
5  k  ohm  10  turn  potentiometer  connected  to  balancing  circuit.  The 
output  from  the  circuit  was  connected  to  one  channel  of  the  tape 
recorder. 
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Three  channels  were  used  in  the  tape  recorder  (Honeywell  8100): 
one  for  displacement,  one  fpr  vertical  force,  and  one  for  horizontal 
fjrce.  The  tape  recorder  was  calibrated  to  -2  volts  to  +2  volts 
peak  to  peak  value.  Hard  copy  records  were  made  by  playing  the 
tape  into  an  XYY'  recorder.  For  the  calibration  of  the  output 
from  the  tape,  calibration  voltages  were  put  at  the  beginning  of 
each  tape.  The  tape  was  then  used  to  provide  the  input  to  the 
hybrid  computer. 

2.1.3  Sample  Preparation 

All  the  samples  used  from  the  Climax  tunnel  were  in  the 
form  of  6  inch  diameter  cores.  The  samples  from  Nast  and  Lawrence 
tunnels  were  taken  from  blocks.  The  cores  were  sawed  in  half 
lengthwise  and  one  half  was  used  for  cutting  and  the  other  half 
to  prepare  samples  for  the  physical  testing. 

The  core  halves  and  the  samples  which  were  sawed  from  the 
blocks  were  mounted  in  a  channel  iron  mold  and  surrounded  with 
hydro-stone.  After  the  hydro-stone  had  set  at  least  twelve  hours 
the  surface  of  the  samples  were  ground  to  the  smoothness  of  ±.003 
inch  using  a  surface  grinder.  The  smooth  surface  was  necessary 
to  assure  reproducibility  of  results  and  to  provide  an  accurate 
reference  for  volume  measurements.  After  drying  *18  hours  at  room 
temperature,  the  samples  were  clamped  into  a  support  frame  on  the 
table  of  the  linear  cutter  and  checked  to  insure  a  level  of  the 
surface.  Testing  could  then  .be  commenced. 

2 . 1 . lJ  Testing  Method 

After  a  sample  was  prepared  and  mounted  on  the  machine,  a 
testing  procedure  was  established  depending  on  the  sample  properties. 


To  eliminate  "end"  effects  th'.  first  1  1/2  inches  and  the  last  1  to 
2  inches  of  the  cut  were  marked  out  and  not  included  in  the  area 
and  volume  measurements.  The  sampler  were  cut  through  from  one 
end  to  the  other. 

Rather  than  a  constant  vertical  force,  a  fixed  penetration 
depth  was  set  on  the  adjustable  mobile  table.  The  penetration 
depth  was  set  when  the  cutter  was  free  of  the  rock  sample  so  that 
each  force-displacement  recording  began  with  a  zero  vertical  and 
horizontal  force.  The  starting  point  of  the- table  movement  was 
set  a  sufficient  distance  ahead  of  the  point  of. contact  with  the 
sample  so  that  a  zero  load  recording  could  be  obtained  on  the  tape 
for  the  setting  of  the  zero  in  the  hybrid  computer. 

The  indexing  was  fixed  to  0.30  in.  in  all  tests,  except  in 
the  last  pass  in  the  sample  Climax  #7.  In  hard  rocks  this  indexing 
was  too  wide  to  cause  breaking  between  the  cuts  on  the  first  pass; 
it  was,  however,  adequate  for  successive  passes.  The  indexing  was 
not  taken  as  a  variable  in  these  experiments  because  it  was  under¬ 
stood  that  indexing  was  constant  in  the  tunnel  boring  machine,  and 
because  the  comparison  is  made  between  laboratory  results  and  field 

data .  t 

In  this  report  a  cut  means  one  linear  indentation  along  the 
surface  of  the  sample.  A  pass  is  defined  as  the  removal  of  one 
layer  cf  rock  resulting  from  several  indaxed  cuts.  The  first  pass 
consisted  of  eleven  cuts  on  the  6"  core  samples  which  left  1.5  in. 
wide  area  on  both  sides  which  was  not  cut.  At  least  as  wide  an 
area  was  left  on  the  aides  of  the  narrower  samples  when  only  seven 
or  nine  cuts  were  cut  on  the  first  pass.  To  minimize  the  effect 
of  confinement  on  the  results  the  outer  two  lines  were  dropped 


after  each  volume  measurement  from  the  next  pass.  Because  the 
last  pass  consisted  in  each, case  of  at  least  three  cuts,  two  con- 
secutive  passes  had  the  same  amount  of  cuts  on  some  samples. 

The  set  penetration  for  different  passes  could  be  maintained 
constant  only  for  hard  samples.  It  was  necessary  to  vary  the 
penetration  for  softer  rock  to  compensate  for  the  overbreak  from 
the  previous  passes  and  to  obtain  a  relatively  equivalent  force 
curve  for  all  passes.  The  set  penetration  in  hard  rocks  was 
usually  0.030  in.  but  was  increased  up  to  0.120  in.  in  soft  rock. 

To  determine  the  specific  energy  (the  energy  required  to 
break  a  unit  volume  of  rock),  it  was  necessary  to  measure  the  vol¬ 
ume  of  the  removed  material.  It  had  been  found  earlier  by  Ross 
(1)  that  it  was  impossible  to  determine  the  volume  of  an  individual 
cut  and  therefore  a  system  was  established  to  measure  the  volume 
of  an  entire  pass.  Ross  compared  different  ways  of  measuring  the 
volume  (volume  displacement  of  cuttings,  sand  filling,  molding 
silicone  rubber  and  cross  section  profile  measurement),  and  con¬ 
cluded  that  sand  filling  was  fast,  as  accurate  as  the  others,  and 
readily  adaptable  to  the  variations  in  the  cuts. 

Dry  sand  was  used  in  this  work  for  volume  measurement.  Sand 
of  screen  sizes  -65/+150  mesh  was  used.  The  missing  ends  of  the 
craters  were  replaced  along  the  marked  lines  using  ordinary  putty. 
The  top  of  the  crater  was  planed  with  a  rigid  straight  edge  using 
the  ground  surface  of  the  rock  sample  as  a  guide.  The  volume  of 
sand  was  determined  using  a  graduated  cylinder.  Because  the  vol¬ 
ume  of  sand  depends  on  the  packing  a. id  because  the  sand-filled 
crater  was  almost  unpacked,  the  volume  of  sand  was  taken  to  be  the 


1' 


value  which  was  obtained  when  sand  was  poured  into  the  cylinder 


without  any  more  packing.  Because  errors  may  easily  result  in 
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hasty  volume  measurement,  much  care  was  put  into  performing  the 
determination  consistently  each  time.  To  eliminate  the  occasional 


errors  the  measurements  were  repeated. 


2.2  Calculation  of  the  Laboratory  Results 


Prom  the  laboratory  experimental  results  the  following  quan¬ 


tities  were  calculated: 


1.  Average  horizontal  and  vertical  forces 


2.  Actual  penetration 


3.  Specific  energy 


4.  Cutting  coefficient 


5.  Cutting  size  distribution 


By  the  analog-digital  computer  the  following  quantities  were 
determined  continuously  along  the  length  of  a  cut:  ' 


1.  Cutting  coefficient 


2.  Work  done 


2.2.1  Average  Forces 


To  get  the  average  horizontal  and  vertical  forces,  the  areas 
under  the  marked  portions  of  the  recorded  force  versus  displacement 


curv.es  were  determined  Using  a  planimeter.  Dividing  this  area  by 
the  marked  length  we  obtained  the  average  forces  for  each  cut.  The 
average  of  the  forces  for  each  cut  of  the  pass  was  taken  as  the 


average  force  of  the  pass; 


2.2.2  Actual  Penetration 


The  penetration,  which  was  set  on  the  machine,  was  not  always 
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the  same  as  the  actua?  penetration  realized  in  the  cutting.  The 
reason  for  the  differences  is  that  .rock  did  not  break  exactly  to 
the  depth  of  the  set  penetration;  in  some  cases  there  occurred 
much  •‘overbreaking"  and  in  some  cases  in  hard  rocks  the  actual 
penetration  diu  not  reach  the  set  penetration. 

To  obtain  the  average  actual  penetration  for  a  pass,  the 
measured  pass  volume  was  divided  by  the  plan  area  of  the  pass 
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between  the  marks  on  the  sample.  This  average  penetration  for  a 
pass  is  denoted  in  the  results  as  a  calculated  penetration. 

A  calculated  penetration  for  a  given  sample  is  the  average 
value  of  the  calculated  penetrations  for  each  pass  made  on  the 
sample. 


2.2.3 


The  energy  for  each  cut  was  determined  using  the  average 


horizontal  force  and  the  distance  between  the  marks  on  the  sample.* 
As  wxll  be  discussed  later,  the  energy  was  also  determined  by  a 
hybrid  (analog-digital)  computer  continuously  along  the  length  of 
the  cut. 

The  energies  for  each  cut  used  in  the  marked  area  were  summed 
to  give  the  energy  used  for  each  pass.  Dividing  the  energy  used  in 
a  pass  by  the  measured  volume  of  the  same  pass  we  obtained  a  value 
for  energy  per  volume.  This  is  called  the  specific  energy. 


•This  is  Justified,  because  the  displacement  in  the  vertical  direc¬ 
tion  is  very  small  compared  to  the  displacement  in  the  horizontal 
direction.  The  energy  from  the  vertical  load  is  thus  a  very  small 
pert  of  the  total  energy. 


The  specific  energy  of  a  sample  is  the  average  value  of  the 
specific  energies  for  each  of  ♦  passes. 

2,2.1 1  Cutting  Coefficient 

lhe  cutting  coefficient  is  defined  as  the  ratio  between  the 
horizontal  force  (PH)  and  the  vertical  force  (Fy). 


Prom  the  average  values  of  the  forces,  the  average  cutting  coef¬ 
ficient  was  determined  for  each  cut.  The  cutting  coefficient  of  a 
pass  is  the  average  value  of  the  cutting  coefficients, of  the  cuts. 
The  cutting  coefficient  of  the  sample  is  the  average  value  of  the 
cutting  coefficients  of  the  passes. 

A  continuous  record  of  the  variation  of  the  cutting  coefficient 
along  the  length  of  the  sample  was  found  using  the  hybrid  computer. 

2.2. 5  Cutting  Size  Distribution 

The  cuttings  from  each  pass  were  collected  as  carefully  as 
possible  for  the  determination  of  the  size  distribution.  The 
sieving  was  performed  using  sieves  from  4  mesh  to  325  mesh.  The 
results  are,  however,  presented  in  a  collected  form. 

The  reliability  of  the  sieving  analysis  cannot  be  too  good  as 
tne  amount  of  the  material  is  small  and  there  may  be  some  losses 
of  material,  too.  On  the  other  hand,  the  results  of  various  passes 
on  one  sample  show  so  much  consistency  that  some  notes  based  on 
size  distribution  are  Justified. 


2.2.6  Calculations  In  the  Hybrid  Computer 

The- hybrid  computer  at  the  University  of  Colorado  (C.U.), 
Boulder,  Colorado,  was  used  to  determine  the  cutting  coefficient  and 
energy  along  a  cut  on  the  sample.  Dr.  Donald  Dick  from  C.U.  pre¬ 
pared  the  needed  programs  and  advised  in  the  use  of 

the  computer. 

The  magnetic  tape  on  which  the  cutting  results  were  recorded 
was  taken  to  Boulder  where  it  was  played  back  by  the  tape  recorder 
and  this  output  was  fed  into  the  analog  part  of  the  computer.  The 
analog  computer  did  the  sampling  of  the  data,  usually  taking  500 
samples  along  the  seven  inch  length  of  the  sample.  After  sampling,' 
the  calculations  were  performed  by  the  digital  part  of  the  com¬ 
puter.  The  output  from  the  computer  was  then  taken  on  an  X-Y 
plotter. 

After  some  difficulties  at  the  beginning,  especially  with  the 
tape  recorders,  the  system  began  to  work  smoothly.  DC  calibration 
signals  (zero,  positive,  and  negative  voltages)  were  recorded  on 
each  tape  in  the  laboratory  for  calibration  of  the  tape  output. 

The  most  time  consuming  part  of  the  computer  calculations  was 
the  plotting  of  the  output.  To  complete  one  cut  from  the  input  of 
data  to  the  end  of  the  recording  of  the  output  took  5  to  10  minutes. 

The  output  from  the  computer  gave  us  continuous  records  of  the 
cutting  coefficient  and  total  energy  along  the  cut.  The  cutting 
coefficient  was  calculated  for  each  sampling  point  and  the  output 
was  given  so  that  the  displacement  axis  was  scaled  at  a  1:1  ratio 


with  the  actual  displacement  on  the  sample.  The  plots 
show  very  large  variations  along  the  length  of  the  cut. 

The  output  of  energy  is  given  as.  a  total  energy  at  each  point. 
The  energy  calculated  for  each  sampling  distance  was  added  to  the 
total  energy  of  the  preceding  sampling  point. 


2 . 3  Tunnel  Boring  Pat a 


Up  to  date  tunnel  boring  data  was  received  from  the  Mast 


tunnel  in  Colorado  and  to  a  certain  extent  from  the  Lawrence  tunnel 


in  Chicago.  The  promised  data  from  the  drift  bored  in  the  Climax 


mine  arrived  in  February  1972  and  was  incomplete,  so  that  it  could 


not  be  used  properly  to  calculate  specific  energies  or  cutting 


coefficients . 


Data  from  the  White  Pine  mine  was  not  available  at  the  time  of 


this  report.  The  iirst  blocks  for  laboratory  testing  arrived  in 
the  middle  of  February,  and  initial  testlnm  has  been  carried  out. 


2.3.1  Nast  Tunnel 


The  Nast  tunnel  is  being  bored  using  a  Wirth  machine,  by 


Peter  Kiewit  and  Sons,  as  part  of  the  Fryingpan-Arkansas  project 


for  the  United  States  Bureau  of  Reclamation.  The  bored  tunnel  has 


a  diameter  of  9*10"  and  will  have  a  length  of  about  15,700  ft. 


The  alignment  and  profile  of  the  tunnel  are  given  in  Fig.  2,k  (2). 


The  machine  is  shown  in  Fig.  2.5,  and  the  cutting  head  in 


Pig.  2.6.  In  the  picture  of  the  cutting  head,  four  bits  are  absent. 
The  cutters  were  tungsten  carbide  button  bits.  For  a  short  distance 
disk  type  cutters  were  tried  in  pcrphyrltic  type  granite,  but  they 

were  removed  as  the  boring  rate  was  not  improved.  This  was  not 

?  ..... 


* v.:  ■  • 

' 


27 


Si  ^ 

0 -fc  , 

flft 

p  x1. 

The  cutting  head  used  In  the  Hast  tunnel  to  the  end  of  W1 , 


necessarily  the  fault  of  the  cutters,  since  some  other  difficulties 
were  present  at  the  same  time. 

The  head  was  changed  at  the  end  of  1971  from  a  conical  head  to 
a  flat  face  head.  This  is  thought  to  cause  less  bending  in  the  head 
and  the  cutter  saddles  and  it  is  hoped  in  this  way  to  eliminate  some 
of  the  repairs. 

A  portion  of  the  finished  tunnel  is  shown  in  Fig.  2.7.  The 
data  collected  from  the  Hast  tunnel  by  the  U.s.b.R.  for  each  shift 
was  provided  to  us  for  our  use.  It  covers  the  tunnel  bored  from 
Rov ember  1970  to  January  1972.  The  length  of  the  tattnel  was  about 
5,500  ft  at  the  end  of  the  period  under  consideration  in  this  work. 

2.3.2  Lawrence  Tunnel 

Data  was  received  from  the  Chicago  sewer  tunnel  bored  using 
ttw  Mvr.uir  uifithinu.  Iba  tmrji  has  th*  di  am  _  ttr  of  U'3"  and  tJm 
final  length  of  12,451  ft.  Our  data  is  from  one  month,  July  1971, 
and  corresponds  to  the  advancement  of  1,150  ft. 

The  machine  employs  disk  type  cutters.  The  total  number  of 
cutters  on  the  head  is  27. 

The  received  logs  included  time  and  advancement,  thrust  (psi) , 
and  the  hydraulic  pressure  used  to  rotate  the  head.  From  this 
information,  boring  rate  and  specific  energy  could  be  calculated 
by  knowing  the  relationship  between  rotary  hydraulic  pressure  and 
the  rotary  power. 

2.3.3  Calculation  of  Field  Specific  Energy 


Hustrulid  and  Ross  (3,1)  have  earlier  derived  the  theory  for 
the  calculation  of  specific  energy  and  cutting  coefficient  from  the 
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field  data.  A  summary  of  the  theory  is  presented  below. 

The  total  input  power  to  the  rock  can  be  given  with  the 
expression 

P  *  2nnt  +  T  x  (2.1) 

where 


P  «  power  (ft-lbs/min) 
n  *  RPM,  rotation  speed  of  the  head 
t  »  torque  (ft-lbs) 

T  *  thrust  (lbs) 

*  boring  rate  (ft/mln) 

The  rate  of  rock  volume  removal  is 

Vt*Jd2  B;  (2.2) 

where 

VT  =  volume/time  (ft^/mln) 

D  *  tunnel  bore  diameter  (ft) 

The  energy/volume  or  specific  energy  is  the  total  input  to  the  rock 
divided  by  the  volume  of  the  removed  rock. 


p  2-nnt  +  T  B ' 

v  ■irypr*-  (2-3) 

In  this  expression  Ey'  has  the  units  ft-lbs/ft^. 

The  boring  rate  and  the  specific  energy  are  normally  given  in  ft/hr 
and  the  specific  energy  in  in. -lbs/in. respectively.  The  expres¬ 


sion  2.3  can  be  modified  to  the  following  form 

By. 


2imt  +  T 


5o 


V  0.6ttD2  B_ 


(2.4) 


where 


Ey  «  specific  energy  (in. -lbs/in. 

Br  -  boring  rate  (ft/hr) 

Because  the  rotary  power  term  (2Trnt)  .is  usually  much  larger  than 
that  due  to  the  thrust  (TBr/60),  Ey  can  be  approximated  by 


2irnt 

0.6irD2B 

r 


(2.5) 


In  many  cases  the  rotary  power  is  given  in  terms  of  horsepower  and 
Ey  can  be  expressed  by 


55.000  hp  . 
l.D2Br 


(2.6) 


2.3.4  Calculation  of  Field  Cutting  Coefficient 

There  is  evidence  (4)  that  in  the  cutting  of  rock,  the  rela¬ 
tionship  between  the  cutting  (ti )  and  normal  (N1)  forces  can  be. 
given 

ti  =  uNj  (2.7) 

whe  .'e 

*  tangential  (cutting)  force  of  each  cutter 

■  thrust  force  per  cutter 

p  *  coefficient  of  cutting  friction. 

Assuming  that  the  cutter  head  is  rigid,  then  the  thrust  force  is 
the  same  for  all  cutters 

■  N  (Constant). 

We  then  have 

T  ■  nN 


where 


-  .*  total  thrust 

■{  * 

n  *  number  of  cutters. 


Th.  tangential  force  (tn,  can  be  expressed  from  equation 


t,  -  p  - 

i  n 


(2.7) 


The  total  applied  cutting  head  torque  then  becomes 


t  —  d  -  £  r 
n  1-1  1 


where 


t  -  total  torque 

ri  -  radius  arm  of  each  cutter. 


Assuming  that  the  n  cutters  are  evem,  distributed, 


I  ?  r  „  R 
n  1-1  *  2 


where 


R  -  radius  of  tunnel  bore. 

The  expression  for  the  total  torque  becomes 


t  «  UT  | 


and  cutting  coefficient  (y)  becomes 


(2.8) 


(2.9) 


(2.10) 


3.  DISCUSSION  OF  RESULTS 


3.1  Laboratory  Cutting 

The  summary  of  the  results  of  the  laboratory  samples,  which 
represented  different  types  of  rock,  are  given  in  Table  3.1. 
Sometimes  the  first  pass  did  not  break  material  enough  so  that 
volume  measurements  could  be  made.  In  these  cases  the  figures 
given  for  the  second  pass  represent  the  first  and  second  passes 
together.  The  energy  used  in  the  first  pass  varied  between  12% 
and  17%  of  the  combined  energy  of  the  first  and- second  passes. 

The  results  in  figures  3.1-3. 6  are  given  as  a  function  of  the 

calculated  penetration.  Calculated  penetration  is  considered  to 
be  the  most  relevant  measure  in  the  laboratory  to  the  boring  rate 
in  the  field. 

Each  point  in  the  figures  represents  one  sample.  In  Pig.  3.6 
where  four  samples  are  chosen  for  a  more  detailed  representation, 
each  point  represents  one  pass  on  the  sample. 

3.1.1  Specific  Energy 

Fig.  3.1  shows  that  there  exists  an  inverse  relationship 
between  calculated  penetration  and  specific  energy  when  cutting  in 
different  rock  types.  The  inverse  relationship  does  not  neces¬ 
sarily  represent  the  relationship  in  an  individual  sample.  On  the 
contrary,  there  is  some  slight  evidence  of  an  opposite  relation¬ 
ship.  This  is  not,  however,  well  established  in  these  experiments 
and  can  be  partly  the  result  of  the  bottom  conditions  of  the  cuts. 


The  cutting  method  used  (cutter,  constant  indexing)  in  most 
cases  limits  the  sizes  of  the  parti.oles  produced.  Some  evidence 
of  this  may  oe  found  in  the  size  distribution  of  the  cuttings 
(Table  3*2),  wh^re  only  the  Lawrence  #1  sample  clearly  exhibits 
coarser  cuttings  than  the  others.  The  first  pass  usually  gives 
coarse.*  cuttings  than  the  later  passes,  which  is  due  to  the  unfrac 
tured  material  under  the  cutter.  On  e^ch  sample,  the  material 
right  under  the  edge  of  the  cutter  was  pulverized  and  packed.  The 
cutting  method  may  thus  effectively  limit  the  value  of  specific 
energy  obtained. 

The  average  results  of  the  different  samples  are  the  most 
representative  lor  comparing  with  field  boring  in  different  types 
of  rock.  It  is  worth  noting  that  the  indexing  was  kept  constant 
and  no  attempt  was  made  to  find. the  optimum  indexing-penetration 
ratio  for  different  samples. 

3.1.2  Cutting  Coefficient 

The  cutting  coefficient  shows  a  direct  relationship  with 
calculated  penetration  (Fig.  3.2).  This  means  that  the  deeper 
the  cut,  the  greater  is  the  cutting  coefficient.  The  individual 
samples  do  not,  in  this  case,  differ  remarkably  from  the  trend 
of  the  average  values  of  different  samples. 

In  our  tests  we  could  increase  the  forces  only  by  setting  a 
deeper  penetration  in  the  cutting  machine.  The  results  show  that 
increasing  the  penetration  affects  the  horizontal  force  relatively 
more  than  the  vertical  force. 
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Table  3.1.  Linear  Cutter  Testing  Data. 

W  ■  -f, 

Average  Average 

Horiz.  Vertical  Specific 

??fc®  ’  Penetration  Penetration  Energy 

*  „  <lbs)  <Ibs)  _  Cutting  Set  Calculated  , in-lbs x 
£255 _ Coefficient  (in  x  10  *)  (in  x  10"”)  ^ 
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26 
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40 
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♦indexing  .60  in. 


1 

2 

3 
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76 

57 
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.070 

30 
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30 
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40 

Lawrence  #1 

3050 
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40 
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60 
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70 
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70 
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30 
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30 
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30 
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50 
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40 

2800 

.070 
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50 
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40 
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60 
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90 
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50 
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60 
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70 
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90 

42 

21 

38 
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46 

52 

75 
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53 

35 

53 

37 
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59 

42 

41 
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16000 
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2.  Particle  Size  Distribution  of  the  Cuttings  (») 
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Pig.  3.2.  Relationship  between  cutting  coefficient  and  pene 
tration  for  laboratory  samples. 
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Fig.  3.3.  Relationship  between  specific  energy  and  cutting 
coefficient  fot  laboratory  samples. 
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Fig.  3.5.  Relationship  between  vertical  force  and  penetration 
for  laboratory  samples. 
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Fig.  3.6.  Relationship  between  vertical  force  and  penetration 
for  the  different  passes  on  seme  laboiatory  samples. 
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3.1.3  Specific  Energy  -  Cutting  Coefficient 

The  representation  of  specific  energy  as  a  function  of 
cutting  coefficient  (Fig.  3-3)  shows,  as  expected,  an  inverse 
relationship.  This  inverse  relationship  may  not  represent  the 
situation  in  one  sample.  This  exception  from  the  average  behavior 
of  different  samples  is  due  to  the  same  possible  reasons  mentioned 
in  the  discussion  of  the  specific  energy  earlier. 

3 . 1 . 1|  Horizontal  Force 

The  horizontal  force  (Fig.  3- *0  does  not  show  any  clear 
general  relationship  with  the  penetration.  In  no  case  the  hori¬ 
zontal  force  alone  is  any  good  measure  for  penetration  of  the 
cutter  in  a  rock.  On  the  other  hand,  horizontal  force  has  quite 
a  dominating  role  in  the  cutting  coefficient 

and  the  cutting  coefficient  was  shown  to  have  clear 

inverse  relationship  with  penetration. 

The  horizontal  force  increases  relatively  more  with  the  depth 

of  cut  than  the  vertical  force.  The  Japanese  (H»  12 »  13)  have 
reported  the  same  type  of  relationship  for  cuts  in  which  no  inter¬ 
action  occurred  between  the  cuts. 

3.1.5  Vertical  Forces 

The  vertical  force  shows  some  inverse  relationship  with 
calculated  penetration  (Fig.  3-5).  This  inverse  relationship 
occurs  with  the  average  values  of  different  samples.  What  this 
actually  tells  us  is  that  in  the  rocks  which  are  easier  to  cut  we 
get  a  certain  penetration  with  a  lower  vertical  force  than  in  a 
rock  which  is  hard  to  cut. 
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Earlier  work  (8,9,10)  has  shown  that  the  vertical  force 
and  penetration  should  have  a  direct  linear  relationship.  If 
we  plot  the  values  obtained  for  different  passes  on  one 
sample,  we  get  a  relationship  between  vertical  force  and 
penetration,  which  Is  more  or  less  direct  for  one  sample 
(Fig.  3.(5).  The  rise  for  harder  rocks  is  steeper  than  for 
softer  rocks.  Let  us  note  again  that  no  bottoming  occurred 
with  our  kerf  type  cutter. 

3.1,6  Power  Frequency  Analysis 

To  date,  little  use  has  been  made  of  the  linear  cutter 
records  other  than  to  use  the  horizontal  force  to  calculate 
the  work  done  in  cutting.  However,  the  cutter  in  its  traverse 
of  the  surface  has  encountered  each  of  the  hard  and  soft 
zones  in  the  rock  and  the  structural  defects  that  may  aid  in 
the  rock  removal  process.  The  degree  of  chipping  taking 
place  is  revealed  by  the  variations  in  the  force  records. 

These  variations  can  be  quantitatively  described  by  plotting 
frequency  histograms  of  (1)  the  interval  between  success^ a 
crossing  of  the  average  force  level  by  the  actual  force  record 
and  (2)  the  distance  of  the  force  peak  from  the  average  force 
level.  The  first  histogram  should  show  the  presence  of  a 
regular  set  of  weakness  planes  such  as  might  be  found  in  a 
bedded  rock.  The  size  of  the  potential  chips  might  be 
inferred  from  this  graph.  The  second  histogram  would  reveal 
the  tendency  for  the  rock  to  chip  under  the  particular  cutter. 
A  very  small  variation  would  indicate  a  basic  crushing  fail¬ 
ure  mode  (this  has  been  observed  in  laboratory  tests  on  Yule 


marble),  whereas  a  large  variation  would  suggest  chipping  as 
a  principal  mode.  The  variation  would  also  suggest  the 
degree  to  which  a  particular  cutter  type  might  be  applicable, 
for  example,  in  material  showing  very  large,  closely  spaced 
force  variations.  The  cutter  chatter  would  result  in  carbide 
chipping  rather  than  a  more  even  abrasive  wear. 

The  linear  cutting  force  records  for  the  Nast  and 
Lawrence  samples  were  analyzed  in  this  regard  and  the  result¬ 
ing  frequency-interval  between  successive  crossing  histograms 
are  given  in  Figures  3.1.6a  and  3.1.6b,  respectively.  Each 
of  the  histograms  has  been  made  using  the  records  from  at 
least  six  cuts.  Although  histograms  made  using  both  the 
horizontal  and  vertical  force  records  are  given,  since  the 
shapes  are  very  similar,  in  the  future  it  may  be  possible  to 

calculate  only  one. 

The  results  show  that  for  both  rock  types  the  interval 
between  successive  peaks  is  generally  small,  the  material 
being  removed  ir.  small  chips.  However,  in  the  histogram  for 
the  Lawrence  sample  a  large  peak  occurs  at  an  interval  of 
about  0.65  inches ;  This  would  suggest  the  presence  of  a 
weakness  that  might  be  exploited.  Such  a  clear  peak  is  not 
present  in  the  Nast  results.  The  difference  in  size  distri¬ 
butions  of  the  cuttings  would  also  suggest  that  such  weak¬ 
nesses  are  present  in  the  Lawrence  sample  and  absent  in  the 
Nast.  Furthermore,  extensive  work  on  this  method  or  analysis 
is  being  carried  out  and  this  approach  looks  promising. 


3.2  Laboratory  Cutting  Results  Calculated  by  the  Hybrid 
Computer 

Cutting  records  of  laboratory  samples  were  recorded  on 
magnetic  tape  using  a  Honeywell  8100  tape  recorder.  This 
tape  was  in  turn  played  into  a  hybrid  computer  and  values  of 
cutting  coefficient  and  work  were  determined  for  each  cut. 


Definite  and  characteristic  cutting  records  were  obtained 
from  samples  of  different  locations.  The  Nast  samples  showed 
variations  in  cutting  coefficient  typical  of  hard  rocks  where 
chipping  occurs.  The  Lawrence  samples  being  of  fine-grained, 
homogeneous,  hard,  and  brittle  rock  displayed  a  characteristic 
tendency  for  larger  chips.  The  effect  of  cracks,  soft  and 
hard  spots,  and  weakness  planes  was  quite  evident  in  the 
cutting  records  and  energy  values  for  significant  portions  of 
the  cuts,  further  indicating  the  advantage  of  exploiting  the 
natural  weaknesses.  Overbreak  from  previous  passes  also 
caused  noticeable  variations  in  the  force  records  and  cutting 
coefficient . 

The  cutting  coefficient  does  not  necessarily  indicate 
what  kind  of  rock  we  are  cutting.  However,  the  energy  curve 
does  indicate  the  quality  of  rock  being  cut,  i.e.,  if  it  is 
easy  Ox-  hard  to  cut.  Often  easy  and  hard  cutting  portions 
occurred  on  the  3ame  sample.  This  is  especially  true  of  the 


Climax  samples,  where  the  rock  .bored  is  highly  variable, 
making  correlation  and  prediction  very  difficult. 

It  was  found  that  the  horizontal  force  was  much  more 
sensitive  to  rock  variations  along  the  cut  than  the  vertical 
force  and  the  cutting  coefficient  is  most  sensitive  to 
changes  in  horizontal  foroo.  Using  the  cutting  coefficient 
record  and  the  energy  curve,  a  reasonable  description  of  the 
boreability  of  the  sample  can  be  offered. 


3. 3  Tunnel  Boring  Results 
3*3.1  Nast  Tunnel 

Boring  rate,  thrust,  torque,  cutting  coefficient,  and 
specific  energy  were  calculated  for  each  shift  from  the 
data  provided  from  the  Nast  tunnel. 
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The  rock  along  the  tunnel  was  classified  in  the  geologic 
logs  as  excellent,  good,  fair,  or  poor  and  as  qualities  between 
these*  The  classification  is  based  mainly  on  the  structure  of 
rock,  and  has  consistency,  although  it  is  mainly  qualitative  in 
nature. 

The  calculated  data  was  grouped  according  to  the  rock  quail- 

i 

ties  in  seven  different  groups.  The  results  are  given  in  Table 
3.3  and  Pigs.  3.7  -  3.11.  Rock  quality  grouping  gives  perhaps  the 
best  idea  about  the  factors  affecting  rock  boreability  in  the 
tunnel . 

The  general  trend  is  that  the  boring  rate  increases  when  going 
from  excellent  to  poor  rock  with  exception  that  between  fair  and 
poor  rocks.  The  specific  energy  decreases  with  increasing  boring 
rate.  The  cutting  coefficient  tends  to  increase  when  going  from 
excellent  to  poor  rock;  more  exceptions  than  in  the  boring  rate 
and  specific  energy  occur  though.  Thrust  and  torque  do  not  show 
any  clear  tendency  in  the  results  in  Table  3.3,  though  thrust  has 
been  higher  in  excellent  and  excellent-good  rocks  than  in  the 
others. 

The  other  quantities  are  given  as  a  function  of  boring  rate 
in  Figs.  3*7  -  i.10.  Figure  3»11  gives  the  relationship  between 
specific  energy  and  cutting  coefficient.  We  had  only  one  labora¬ 
tory  sample  from  the  Nast  tunnel ,  therefore  we  have  to  compare 
these  field  boring  results  to  the  average  behavior  of  all  labora¬ 
tory  samples . 

Specific  Enerr.v 

1  j  ^ 

As  expected,  the  specific  energy  is  observed  to  vary  Inversely 
with  the  boring  rate.  Laboratory  results  with  different  samples 
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Table  3.3.  Boring  Data  from  Naat  Tunnel 


««*  B?ring  Sl!fi“e  .coSucilnf 


SfCTSi^ 


Quality  Rate  Energy, 

_ _ _  ft/hr  in- lbs /ini 


Excellent  *.31 


16600 


.088 


Thrust  Torque 
lbs  ft- lbs 

x  10*  x  10* 


1  ' 


Excellent 

Good 

2.67 

15200 

.086 

518 

f 

109 

Good 

2.88 

12800 

.095 

461 

104 

Good 

•  *'  »*• 

3.06 

12300 

.092 

500 

109 

Fair 

Fair 

3.66 

8600 

.105 

401 

102 

Fair 

3.22 

10200 

.100 

463 

111 

Foor 

Poor 

4.21 

8800 

.112 

423 

114 

ms 


Torque 
ft-lbs 
x  103 


Boring  Rate,  ft/hr 


Pig.  3.9 


Relationship  between  torque  and  boring  rate  for  the 
Nast  tunnel  data.  Points  represent  the  average 
values  of  the  seven  groups  of  geological  classifi¬ 
cation. 
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Boring  Rate,  ft/hr 


Fig.  3.10.  Relationship  between  thrust  and  boring  rate  for  the 
Nast  tunnel  data.  Points  represent  the  average 
values  of  the  seven  groups  of  geological  classifi¬ 
cation  . 
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Specific 


Pig.  3.11.  Relationship  between  soecific  energy  and  cutting 
coefficient  for  the  Nast  tunnel  data.  Points 
represent  the  average  Values  of  the  seven  groups 
of  geological  classification. 
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(Pig.  3«1)  showed  the  same  type  of  relationship  between  specific 
energy  and  calculated  penetration.  In  both  cases  the  higher  boring 
rates  or  deeper  penetrations  and  lower  specific  energies  are 
obtained  in  poorer  rock.  Because  the  rotation  speed  of  the  cutting 
he' 1  varied  in  the  field,  boring  rate  and  penetration  per  revolu¬ 
tion  are  not  exactly  the  same  measure.  The  variations  in  rotation 
speed  were,  however,  such  that  they  should  not  prevent  us  from 
comparing  field  and  laboratory  results. 

The  Nast  laboratory  sample  gave  the  specific  energy  value  of 
18,300  in. -lbs/in. ■ .  The  sample  was  taken  from  the  area  which  is 
classified  as  good-fair.  The  sample  was  intact  and  did  not 
include  any  major  structural  weaknesses  and  thus  can  better  be 
compared  with  excellent  rock  quality.  When  boring  in  excellent 
rock,  the  field  specific  energy  was  16,600  in. -lbs/in. 3.  As  can 
be  expected,  the  laboratory  value  is  higher  probably  due  to  finer 
cuttings. 

Cutting  Coefficient 

The  boring  rate  has  an  almost  direct  linear  relationship 
With  the  cutting  coefficient  (’Fig.  3.8). 

The  laboratory  results  of  different  samples  (Fig.  3.2)  also 
gave  direct  relationships  betv/een  the  cutting  coefficient  and  pene¬ 
tration.  In  this  respect,  the  field  and  laboratory  results  are 
consistent.  The  higher  cutting  coefficient  value  means  deeper 
penetration  and  faster  boring. 

The  Nast  laboratory  sample  gave  the  average  cutting  coef¬ 
ficient  as  0.062  (the  first  pass  excluded).  This  is  below  the 
lowest  field  cutting  coefficient  value  which  is  0.086  for 
excellent-good  rock. 
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Specific  Energy  -  Cutting  Coefficient 

There  is  an  inverse  relationship  between  specific  energy  and 
cutting  coefficient  (Pig.  3.11).  This  inverse  relationship  was 
also  observed  in  laboratory  experiments  (Pig.  3.3).  We  cannot 
compare  the  results  in  one  sample  to  the  field  results  with  differ¬ 
ent  rocks,  since  we  also  had  differences  in  the  laboratory  results 
of  ope  sample  and  of  all  samples. 

3.3.2  Lawrence  Tunnel 

Prom  data  of  Lawrence  tunnel  in  Chicago,  boring  rate  and 
specific  energy  were  calculated.  The  boring  in  the  Lawrence  tunnel 
has  been  very  consistent  and  "homogeneous"  compared  to  the  boring 
in  the  Nast  tunnel.  The  achieved  boring  rates  are  twice  that 
achieved  in  the  Nast  tunnel  and  specific  energies  remarkably  lower. 


We  had  one  laboratory  sample  from  the  Lawrence  tunnel. 

Specific  Energy 

Specific  energy  was  calculated  from  the  rotation  horsepowers. 
The  points  in  Figs.  3.10  and  3*13  represent  the  weighted  averages 
of  each  one  hundred  feet. 

Specific  energy  and  boring  rate  (Fig.  3.12)  have  an  inverse 
relationship  which  is  almost  linear.  The  inverse  relationship 
was  also  found  in  the  results  of  the  Nast  tunnel. 

The  average  specific  energy  value  of  the  Lawrence  tunnel 
laboratory  sample  was  9100  in.-lbs/in. This  is  much  higher  than 
the  specific  energy  values  obtained  in  the  field  boring.  An 
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Specific 


Fig.  3.12.  Relationship  between  specific  energy  and  boring 

rate  for  the  Lawrence  tunnel  data.  Points  repre¬ 
sent  the  average  values  of  each  one  hundred  feet. 


Thrust 


Fig. 


3.13.  Relationship  between  thrust  and  boring  rate  for 
the  Lawrence  tunnel  data.  Points  represent  the 
average  values  of  each  one  hundred  feet. 
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explanation  of  this  large  difference  may  be  that  very  effective 
chipping  occurred  in  this  rock.  This  oauses  large  differences  in 
the  particle  sizes  of  field  and  laboratory  cuttings. 

Thrust 

The  most  remarkable  difference  when  Lawrence  tunnel  data  is 
compared  with  the  results  of  the  Nast  tunnel  is  that  thrust  has 
a  direct  relationship  with  boring  rate  in  the  Lawrence  tunnel 
(Pig.  3.13). 

Two  factors:  (1)  disk  type  cutters  have  been  used  in  the 
Lawrence  machine  and  with  these  cutters  bottoming  does  not  occur, 
and  (2)  the  rock  in  the  tunnel  has  been  rather  homogeneous,  may  be 
the  main  reasons  for  this  direct  relationship. 

The  direct  relationship  was  also  found  in  the  results  of  dif¬ 
ferent  passes  in  the  laboratory  sample  (Fig.  3.6).  This  seems  to 
be  the  real  behavior  when  rock  type  is  not  changed  and  if  the 
cutter  does  not  cause  limitations.  If  the  strength  of  rock  is 
low,  it  limits  the  thrust  which  can  be  used. 


3.4  Prediction  of  Boring  Rate 

Both  the  field  boring  data  and  the  laboratory  cutting  results 
give  an  inverse  relationship  between  specific  energy  and  cutting 
coefficient.  This  suggests  that  using  the  equations  (2.5)  and 
(2.10)  we  could  derive  boring  rate  for  field  boring. 


e.  _  2irnt 

**V  - 5 - 

0.6ttD*  x  Br 

t  «  pT  |  -  uT  J 


(2.5) 


where 


(2.10) 
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Ey  ■  specific  energy  (in. -lbs/in. 
t  ■  torque  (ft-lbs) 
n  -  RPM 

D  ■  diameter  of  bore  (ft) 

Br  ■  boring  rate  (ft/hr) 

T  ■  thrust  (lbs) 

li  ■  cutting  coefficient. 

We  get  from  (2.5) 

0.6ttD2  x  B  x  E.r 

t  *  -  — 25^ - 1  <3.1) 

Equating  (3*1)  and  (2. JO)  and  arranging  the  terms  we  obtain 

Br-Oii^  <3-2) 

Thus  by  knowing  cutting  coefficient  and  specific  energy  we- 
should  be  able  to  determine  boring  rate  in  various  conditions. 

•The  results  of  this  work  and  also  earlier  research  (1)  show 
that  cutting  coefficient  is  very  much  dependent  on  the  cutter 
design.  In  any  case  we  should  be  able  to  obtain  the  limits  for 
cutting  coefficient  from  the  design.  The  Nast  tunnel  data  (Table 
3.3)  shows  that  cutting  coefficient  increases  by  27?  from  excellent 
to  poor  rock,  but  boring  rate  increases  by  82?  at  the  same  time. 

The  specific  energy  value  which  is  obtained  in  the  laboratory 
is  generally  higher  than  that  obtained  from  field  data.  Two  basic 
reasons  can  be  pointed  out  as  a  reason  for  this.  •  First,  the 
laboratory  sample  does  not  Include  structural  weaknesses  of  the 
rock  in  situ  (or  only  in  minor  extent).  Second,  the  size  of 
cuttings  is  smaller  than  in  the  field. 
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In  our  results  for  the  Nast  tunnel  the  difference  between 
laboratory  specific  energy  and  field  specific  energy  for  excel¬ 
lent  rock  type  is  small.  The  reason  may  be  that  cuttings  in  the 
Nast  tunnel  were  fine,  especially  in  excellent  rock  type.  The 
difference'  between  laboratory  and  field  specific  energy  values 

for  the  Lawrence  tunnel  is  remarkable.  This  may  be  due  to  the 

0 

great  ability  of  this  rock  to  chip,  which  causes  differences  in 
particle  size  between  laboratory  and  the  field  results. 

We  can  obtain  the  uppe  ’  limit  to  specific  energy  from  labora¬ 
tory  cutting,  but  our  value  may  be  much  too  high  depending  on  the 
rock.  Without  particle  3ize  analysis  or  a  method  with  which  we 
can  take  into  account  the  effect  of  particle,  size  to  specific 
energy,  we  can  only  poorly  relate  laboratory  and  field  specific 
energies.  .Because  the  structural  features  are  very  dominant  in. the 
field  we  should  have  a  means  to  estimate  their  influence  to  the 
specific  energy  in  boring. 

For  the  time  being  the  main  difficulty  in  using  equation  (3.2) 
for  boring  rate  prediction  is  the  uncertainty  in  specific  energy. 

The  equation  (3.2)  shows  also  the  direct  relationship 
between  boring  rate  and  thrust.  This  can  be  seen  in  the  results 
only  if  specific  energy  and  cutting  coefficient  remain  constant. 
This  explains  the  difference  between  the  data  of  the  Nast  and 
Lawrence  tunnels  (Figs.  3.10  and  3.13). 


4.  CONCLUSIONS 


The  most  dramatic  result  of  this  study  was  the  effect 
of  structural  features  and  rock  weaknesses  in  the  cutting  of 
rock.  This  indicates  that  machine  design  should  rake  better 
use  of  these  weaknesses  for  more  efficient  rock  removal. 

As  is  expected,  the  laboratory  values  of  specific  energy 
were  higher  than  field  values.  Since  specific  energy  is  a  good 
indication  of  the  boreability  of  a  particular  rock  type  it  is 
essential  to  develop  the  scaling  relationship's  that  relate 
laboratory  specific  energy  values  to  field  values.  Certain 
definite  relationships  are  shewn  which  indicate  the  need  for 
a  better  knowledge  of  the  particle  size  of  cuttings  and  the 
structure  of  the  rock  to  be  bored. 

The  inverse  relationship  between  specific  energy  and 
cutting  coefficient,  both  in  the  field  and  in  the  laboratory, 
supports  the  idea  that  machine  design  should  try  to  increase 
cutting  coefficient  to  obtain  better  boring  results .  Present 
machine  design  puts  a  definite  limit  on  the  cutting  coefficient. 
Increasing  the  depth  of  cut  increases  the  cutting  coefficient 
and  also  the  size  of  the  cuttings.  This  would  result  in  lower 
specific  energy  and  reduced  cutter  wear  per  volume  of  rock 
removed. 

The  wide  variations  in  loads  on  the  cutter  should  be 
investigated  both  as  a  dynamic  loading  to  the  cutter  as  it 
affects  cutter  life  and  as  a  possible  indication  of  the  fail¬ 
ure  characteristics  of  a  particular  rock  type  being  cut  by  a 

V  ‘  *?■ 

particular  cutter  type. 


1.  INTRODUCTION 


Although  the  emphasis  during  the 
contract  was  on  construction  of  the  large  linear  cutting 
machine  and  continued  testing  using  the  small  linear  cutting 
machine,  a  continuing  search  of  the  literature  was  carried 
out.  Using  the  work  of  previous  investigators,  initial 
guides  for  our  continuing  research  were  developed.  Areas 
of  interest  relating  to  rock  boring  were  investigated  such 
as : 

1.  Independent  cuts  with  roller  and  pick  cutters. 

2.  Multiple  and  dependent  parallel  cuts  with  roller 
and  pick  cutters. 

3.  Static  bit  penetration  tests. 

4.  Dynamic  fracturing  of  rock. 

5.  Stress  distribution  and  rock  behavior  under  various 
bits  and  cutters. 

6.  Effects  of  cutter  types  and  penetration  of 
specific  energy. 

7.  Optimum  indexing-penetration  ratio  for  various 
cutter-rock  combinations . 

8.  Effect  of  boring  rate  and/or  speed  of  cutting. 

9.  Effect  of  rock  properties. 

10.  Scaling  relationships. 

A  number  of  Japanese  papers  were  translated  and  their 
information  incorporated  into  the  literature  section. 
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2.  SUMMARY  OP  PERTINENT  FINDINGS  IN  THE  LITERATURE 

2.1  Independent  Cuts  With  Roller  and  Pick  Cutters 

It  has  been  shown  (2)  that  the  applied  thrust  on  a 
cutter  affects  penetration  in  two  ways;  a)  by  local  crush¬ 
ing  and  compaction  of  the  material  directly  under  the 
cutter,  and  b)  by  transmission  into  the  solid  as  a  stress 
that  is  often  relieved  by  fracture  formation  extending  from 
the  bottom  of  the  cut  to  the  surface.  Cook  (4)  defined  the 
location  of  chip  formation  by: 

F  =  kP  +  F 
n  no 

where : 

Fn  =  thrust  necessary  to  form  the  nth  chip 
k  =  constant  relationship  between  applied  thrust  and 
resulting  penetration  for  a  sharp  wedge 
Pn  =  penetration  at  the  formation  of  the  nth  chip 

=  where  F^  and  P^  are  the  force  and  penetra¬ 

tion  necessary  to  produce  the  first  chip. 
Variations  in  the  slopes  of  thrust-penetration  curves 
suggest  that  penetration  is  dependent  upon  the  applied 
thrust,  the  shape  of  the  cutter  and  the  physical  properties 
•  the  rock  (3) .  It  was  also  found  that  the  wide  spacing 
of  teeth  on  a  toothed  kerf  cutter  yielded  the  greatest 
amount  of  debris  per  cut. 

It  was  found  by  the  Japanese  (11)  that  for  straight 
kerf  type  cutters,  cutting  resistance  depended  on  depth  of 
cut,  radius  of  cutter,  and  rock  properties,  but  the  included 
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angle  cf  the  cutting  edge  had  little  effect.  A  further  study 
(12)  indicated  width  of  groove  from  a  single  cut  increases 
linearly  with  depth  of  cut. 

2 . 2  Multiple  Indexed  Cuts 

It  was  found  that  there  exists  a  critical  spacing 
between  successive  parallel  cuts  at  which  the  cuts  become 
independent.  As  the  indexing  is  increased  from  zero,  specific 
energy  decreases  until  an  optimum  value  of  indexing  is 
reached.  Increasing  the  indexing  beyond  this  optimum  will 
cause  an  increase  in  specific  energy.  The  optimum  indexing 
changes  with  penetration  and  rock  type,  but  generally  the 
best  indexing  to  penetration  ratio  is  constant  around  1.5  to 
2.0. 

Tests  were  also  performed  that  indicated  specific 
energy  decreased  rapidly  with  increasing  cutting  coefficient. 
This  again  indicates  the  possible  advantage  of  pick  cutters 
over  roller  type  cutters. 

2. 3  Static  Bit  Penetration  Tests 

Static  bit  penetration  tests  Were  used  in  describing  the 
fracture  mode  of  various  rock  types.  Diff  ^rent  bit  types 
were  used  and  results  such  as  chip  size  and  shape  and  specific 
energy  were  compared  to  our  laboratory  cutting  results. 

2 . 4  Dynamic  Fracturing  of  Rock 

Much  work  has  been  done  in  the  dynamic  testing  of  rock. 
The  resulting  theories  of  rock  failure  have  been  examined 
as  they  relate  to  rock  boring.  The  occurrence  of  relatively 
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deep  subsurface  cracks  a-  er  impact  by  a  sharp  wedge  indicates 
possible  future  advantage  \n  applying  a  dynamic  load  to- the 
cutters  or  directly  ahead  of  the  cutters.  This  would  create 
artificial  weakness  planes  which,  as  shown  in  experimental 

work,  increases  the  efficiency  of  rock  removal  by  the  cutter. 

* 

2. 5  Stress  Distribution  and  Rock  Behavior  Under  Cutte^ 

Much  information  concerning  the  stress  distribution 

under  a  cutter  and  chip  formation  using  various  cutters  has 
been  collected  and  is  being  used  in  our  own.  study  of  the 
problem.  A  full  understanding  of  the  situation  around  the 
cutter  is  incomplete,  especially  as  concerns  the  effect  of 
rock  weaknesses. 

2.6  Effect  of  Cutter  Type  and  Penetration  on  Specific  Energy 
A  number  of  tests  (3,4,5,8,10,11,12)  using  different 

cutter  types  were  performed.  Differences  are  apparent, 
e«oecially  between  roller  kerf  cutters  and  pick  cutters. 

The  roller  cutters  are  limited  to  cutting  coefficients  of 
the  order  of  0.1  or  smaller.  In  addition,  the  button  insert 
kerf  cutter  is  subject  to  bottoming  out  of  the  buttons  at 
increased  loads.  The  pick  cutters  could  achieve  penetra¬ 
tions  up  to  2  inches  and  cutting  coefficients  of  2.0  or 
greater.  Since  specific  energy  decreases  rapidly  with 
increasing  cutting  coefficient,  with  an  optimum  of  1.5  to 
2.0,  it  wovild  appear  the  pick  cutter  may  be  more  efficient. 


2.7  Optimum  Indexing-Penetration  Ratio 

As  mentioned  previously  there  exists  an  optimum  index¬ 
ing  distance  for  a  particular  depth  of  cut.  Although  the 
ratio  of  indexing  to  penetration  is  generally  best  at  about 
1.5,  this  varies  with  cutter  type  and  rock.  With  the  taking 
of  deeper  cuts  it  becomes  increasingly  important  to  deter¬ 
mine  and  set  the  optimum  indexing-penetration  ratio  for  a 
particular  boring  situation, 

2.8  Effect  of  Boring  Rate  and/or  Speed  of  Cutting 

In  addition  to  variations  in  rotational  speed  of  differ¬ 
ent  boring  machines,  the  speed  that  individual  cutters 
traverse  the  face  varies  from  the  center  cutters  to  the  out¬ 
side  cutter.  Studies  have  been  performed  in  an  effort  to 
determine  the  effect  of  rate  of  cutting  on  specific  energy. 
One  such  study  (9)  suggested  that  as  cutting  speed  is 
increased  from  0.1  to  5.0  in. /sec  the  energy  required  to 
remove  a  given  volume  of  rock  increased  by  nearly  60  percent. 
Studies  by  the  Japanese  (13)  indicate  a  similar  phenomenon 
relating  bit  wear  to  cutting  speed.  That  is,  as  speed 
increases,  the  wear  or  loss  of  material  from  the  bit  per  unit 
volume  of  rock  removed  increases.  Also  since  deep  cuts 
have  proportionately  less  wear  per  unit  volume  of  rock 
removed  in  addition  to  requiring  less  energy  per  volume,  it 
appears  that  deep  cuts  at  low  speed  is  the  most  promising 
mode  of  operation  for  a  boring  machine. 
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2.9  Effect  of  Rock  Properties 

Emphasis  in  boreability  prediction  has  been  in  the  past 
centered  on  relating  the  ease  of  cutting  a  particular  rock 
to  the  more  commonly  used  physical  properties  of  the  rock. 
Although  some  success  has  been  achieved  in  correlated  com¬ 
pressive  strength  to  boreability,  its  application  is  quite 
limited.  The  problem  is  in  not  considering  factors  such  as 
grain  size,  flaws,  chipping  mechanisms  and  specific  energy. 
Work  will  continue  in  an  attempt  to  relate  boreability  to 
the  more  common  and  easily  obtained  physical  properties,  but 
it  is  felt  that  the  most  valid  approach  is  the  actual  cutting 
of  the  rock  in  the  laboratory  and  relating  the  results  to 
field  boring. 

2.10  Scaling  Relationships 

The  use  of  the  above  mentioned  laboratory  linear 
cutting  results  for  prediction  of  field  boring  performance 
in  a  particular  rock  type  will  require  development  of  the 
scaling  relationships  that  account  for  the  differences  in 
size  and  forces. 

Some  work  (8)  has  been  done  in  respect  to  scaling 
factors,  but  is  incomplete  and  not  totally  applicable  to 
rock  boring.  One  of  the  main  purposes  for  construction  of 
the  large  linear  cutting  machine  was  to  allow  full  scale 
tests  for  comparison  to  results  from  the  small  linear  cutting 
machine.  From  this  comparison  it  is  hoped  to  develop  the 
size  and  force  scaling  relationships  between  the  two  linear 
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cutting  machines.  This,  in  turn,  can  be  used  in  predicting 
field  boring  performance. 


3.  CONCLUSIONS 


Valuable  information  has  been  gained  from  previous  work 
performed  in  various  fields  relating  to  the  problem  of  rock 
boring.  Much  progress  has  been  made  toward  an  understanding 
of  roc*  failure  under  cutters.  However,  as  yet  no  one  has 
been  able  to  relate  this  information  to  prediction  of  field 
boring  performance.  Also  even  with  the  apparent  differences 
in  efficiencies  of  the  different  cutter  types,  no  meaningful 
and  direct  comparison  of  the  applicability  of  the  respective 
types  has  been  made  to  date.  It  appears  the  best  way  to 
eliminate  this  gap  in  the  knowledge  is  throucjh  extensive 
tests  with  the  small  and  large  scale  linear  cutting  machines 
and  by  using  various  cutter  types  for  these  tests. 


74 


REFERENCES 


1.  National  Academy  of  Sciences,  Rapid  excavation  -  significance, 

needs,  opportunities:  Committee  on  Rapid  Excavation  Rept., 
Natl.  Research  Council,  Natl.  Acad.  Sci.  (1968). 

2.  Teale,  R.,  The  mechanical  excavation  o£  rock-experiments  with 

roller  cutters:  Internat.  Rock  Mech.  Jour.,  Mining  Sci., 
v.  1,  no.  1,  p.  63-78  (1964). 

3.  _ ,  The  concept  of  specific  energy  in  rock  drilling: 

Internat.'  Rock  Mech.  Mining  Sci.  Jour.,  v.  2,  no.  1,  p.  57- 
72  (1965). 

4.  Cook,  N.  G.  W. ,  Analysis  of  hard-rock  cuttability  for  machines: 

Conf.  on  Tunnel  and  Shaft  Excavation,  University  Minnesota, 
Minneapolis,  Minnesota  (1968). 

5.  Bruce,  William,  and  Morrell,  Roger,  Principles  of  rock  cutting 

applied  to  mechanical  boring  machines:  Symposium  II  on  Rapid 
Excavation  Proc. ,  Oct.,  Sacramento,  California  (1969). 

6.  Fish,  B.  G. ,  and  Barker,  J.  S. ,  The  design  of  rotary  drilling 

tools:  Colliery  Eng.,  v.  34,  p.  513-518. 

7.  _ _ ,  Comparative  studies  of  tools  for  rotary  drilling 

in  rock:  Inst.  Mining  Eng.  Trans.,  v.  116,  p.  389-401  (1956-7). 

8.  Peterson,  Carl,  Rolling  cutter  forces:  Fourth  Conf.  Drilling 

and  Rock  Mechanics,  Univ.  Texas,  Jan.  (1969). 

9.  McGarry ,  F.  J.,  Rad,  P.  F. ,  and  Pratt,  R.  W. ,  Rock  cutting 

study  II:  U.S.  Dept.  Transp. ,  MIT,  Cambridge,  Massachusetts 
(1969). 

10.  Barker,  J.  S.,  A  laboratory  investigation  of  rock  cutting 

using  large  picks:  Internat.  Rock  Mech.  Mining  Sci.  Jour., 
v.  1,  no.  4,  p.  519-534  (1964). 

11.  Takaoka,  S.,  Hayamizu,  H.,  and  Misawa,  S. ,  Studies  on  the 

cutting  of  rock  by  rotary  cutters  -  Part  1,  Rock  Cutting 
by  disc  cutters:  Jour,  of  Mining  &  Metallurgical  Inst, 
of  Japan,  v.  84,  no.  960,  p.  427-432  (1968-9). 

12.  Takaoka,  S.,  Hayamizu,  H. ,  Misawa,  S.,  and  Kuriyagawa,  M. , 

Studies  of  the  cutting  of  rock  by  rotary  cutters  -  Part  2, 
Cutting  using  a  spherical  chip  and  a  milled  tooth  cutter: 

Jour,  of  Mining  &  Metallurgical  Inst,  of  Japan,  v.  85,  no. 

975,  p.  491-6  (1969) . 


75 


13.  Sasaki,  K. ,  Yamakado,  N. ,  Siohara,  Z.,  and  Tobe,  M. ,  Studies 
of  the  cutting. resistance  of  rock:  Jour,  of  Mining  and 
Metallurgical  Inst,  of  Japan,  v.  77,  no.  881,  p.  975-980, 
Nov.  (1961). 

.  Ross,  N. ,  and  W.  Hustrulid,  "Development  of  a  tunnel  bore- 
ability  index:  Report  REC-ERC-72-7 ;  Prepared  for  Bureau 
of  Reclamation,  Denver,  Colorado  80225,  Feb.  11972). 


14 


